INTRODUCTION
Recirculating currents, or eddies, develop in rivers wherever the orientation of downstream flow and the channel banks are sufficiently divergent, such as at sharp meander bends [Leeder and Bridges, 1975] and downstream from channel confluences [Best, 1986] . These currents also develop where constricted flow enters a wider reach, such as in the lee of debris fans or bedrock that partly obstructs downstream flow. Recirculating flows are weaker than adjacent downstream flow, which causes sediment to accumulate in recirculation zones; sediment storage in recirculation zones may comprise a high proportion of total sediment storage in some bedrock canyons. Bars deposited at high discharge in recirculating currents (and subsequently emergent) may become substrate for riparian vegetation or be used as campsites. In canyons affected by upstream dams, recirculating current bars may be eroded [Schmidt and Graf, 1990] , and future restoration management strategies may include high-discharge, regulated releases intended to reconstruct these bars. The simplest reattaching flow occurs at the backward facing step at the boundary of an otherwise semi-infinite or uniform flow field (Figure 1 ). The point of flow separation, which Simpson [1989] has shown to be a zone of varying detachment conditions, is generally considered fixed in space where the step corner is sharp, although Eaton and Johnston [1981] have documented unsteadiness of the separation point even at this geometry. Near the separation point, the detached boundary layer forms a free shear layer which is initially thin and parallel to the orientation of the constricted flow. Further downstream, the separated shear layer curves sharply toward the wall. Simplified drawings of experimental conditions typically show a time-averaged mean streamline impinging the wall at the time-averaged reattachment point, which is located within a zone through which the instantaneous reattachment point fluctuates. Reattachment point fluctuation has been related to the migration of large turbulent structures along the shear layer, and the length of the reattachment zone is of the order of 4 step heights. Simpson [1989] also reported that the maximum backflow velocity is typically greater than 20% of the free stream velocity. Experiments and numerical modeling have demonstrated that reattachment length is highly sensitive to the longitudinal pressure gradient and to bottom friction [Eaton and Johnston, 1981; Yeh et al., 1988] . Schmidt and Graf [1990] measured great variability in reattachment length in Grand Canyon, and found that recirculation zones lengthen with increasing discharge until discharge becomes so great that the constricting debris fan is overtopped and the surface expression of the recirculation zone appears to become washed out. Flow in recirculation zones is organized into a simple one-cell primary eddy rotating such that upstream flow occurs along the fiver bank. At higher discharges, primary eddies lengthen downstream and secondary eddies develop upstream from the primary eddy on flooded parts of the constricting debris fan. Schmidt [ 1990] showed that there is a maximum length to which each recirculation zone can extend, controlled at the upstream end by the constriction itself and at the downstream end by irregularities in channel geometry. Schmidt [ 1990] found that narrow and deep constrictions create longer recirculation zones than do wider, shallower constrictions. Baker [1984] distinguished and described four major bar types that occur in narrow, deep bedrock stream channels, including the expansion bars and eddy bars that are the subject of this paper. The category of eddy bars, formed beneath recirculating currents, was subdivided by Schmidt 
[1990], based on observations in Grand Canyon (Figure 2).
Reattachment bars form in the reattachment zone and beneath the primary eddy. Separation bars mantle the constricting debris fan and are formed at higher discharges by secondary eddies that submerge parts of these fans [Schmidt, 1990] . Sorting occurs within recirculation zones [Page and Nanson, 1982] . In Grand Canyon, those separation bars formed by high annual peak discharges in 1983-1985 were composed of finer sediment than were reattachment bars formed by the same flows, presumably because sorting processes caused the coarser sediment to be deposited in the area where sediment first entered recirculation zones, the reattachment zone [Schmidt, 1990] . Bed load transport directions beneath the primary eddy, inferred from Schmidt [1990] . These models predict that reattachment bars build in an upstream direction from the reattachment zone and that sediment deposited at high discharge is reworked during upstream retreat of the reattachment zone during flood recession. Separation bars are formed at high discharges and are reworked during flood recession to a lesser extent than are reattachment bars.
METHODS
These experiments were conducted in the 160-m-long, 4-m-wide, 2-m-deep flume at the University of Tsukuba; details of the Tsukuba facility are provided by Ikeda [1983] . Water surface slope was controlled by a tailgate at the downstream end of the flume. Bed topography and bed forms were examined and measured during experiments by raising the tailgate, pending the flow, and then slowly We report the results of two experiments in this paper (Table 1) . In both, a semicircular obstruction (constructed with sand bags and covered by large plastic sheets) constricted flow width to about 1.5 m (Figure 3 ). This obstruction was located between stations 90 and 95. For purposes of comparison with laboratory studies of backward facing step flow, the step height during our experiments is taken as the distance from the right wall to the obstruction apex, 2.5 m.
In order to simulate the increased elevation of the bed that occurs at constrictions in Grand Canyon [Kieffer, 1988] This physical model is an analogue of some of the conditions in large rivers that flow within bedrock canyons. In these canyons, the longitudinal prof-fie consists of steps (debris fans) and pools (channel expansions) [Leopold, 1964] . Debris fans function as natural tailgates, often acting as local controls upstream to the base of the preceding step [Kieffer, 1985] . Recirculation in bedrock gorges occurs within the channel and is not restricted to overbank settings investigated by Tamai et al. [1986] .
The size of the experimental channel expansion was greater than the mean size of expansions in Grand Canyon. In the experiments, the flow width constriction ratio (downstream flow width divided by constricted flow width) of 0.38 was narrower than the mean flow width constriction ratio in Grand Canyon which Kieffer [1985] found to be 0.5, but the experimental range was within the range of all measured field sites. The flow-width expansion ratio was 2.7 in all runs because the flume walls were never altered; Schmidt [1990] found that the mean flow-width expansion ratio in Grand Canyon is 2.9. The flow area expansion ratio (downstream flow area at station 130 divided by constricted flow area at station 92) during the experiments varied between 3.4 and 14.2 and greatly exceeded the flow width expansion ratio (Table 2) 
Changes in Reattachrnent Length and Do)t,nstrearn Changes in Mean Velocity During

Bar-Building Experiment
During the bar-building experiment, reattachment length decreased and velocity increased as deposition occurred. During the initial part of this experiment, the reattachment length was 13 to 16.6 times step height' after 17.5 hours the reattachment length decreased to 10.2 to 13.8 times step height, and at the end of the experiment the reattachment length was 9 to 10.6 times step height (Figure 8 This discrepancy may be related to the experimental channel geometry. First, in these experiments there were only small differences between the streamwise and upstream velocity in the vicinity of the reattachment zone because of the large magnitude of streamwise deceleration upstream from the reattachment zone (Figure 14) . In Grand Canyon, these differences are much greater [Schmidt, 1990, Table 2 and Figure !1 was high, and these vortices may have been strong enough to produce upstream flow along the left wall. Third, reattachment lengths were very long for the experimental flow width expansion geometry.
Controls on Reattachment Length
Our laboratory experiments and field observations have documented both shorter and longer recirculation zones than would be predicted using published relations between step height and reattachment length. Relative to the relations of Abbott and Kline [1960] for clear water flow at a single backward step (Figure 15, line c) , the reattachment lengths in our empty flume experiments are too long. Reattachment lengths in the bar-building experiments are shorter and tend to be similar to those of published relations; field reattachment lengths typically are too short ( Figure 15 ). As will be discussed below, these deviations result from topography that influences the pressure gradient. In flows with obstacles downstream (such as the bar that was deposited in our flume experiments or cobble bars in Grand Canyon) the flow accelerates, resulting in a diminished adverse pressure gradient and a shorter reattachment length. In contrast, where downstream flow is a deep pool (as in our empty flume experiment and in very deep pools in rivers), flow decelerates, resulting in an increased adverse pressure gradient and longer reattachment length. Seven runs were conducted at different discharges but at the same tailgate elevation (Table 2, thirteenth column) and therefore simulate changing flow conditions in an expansion whose water surface elevation is set by a downstream control. The experimental results of these runs (1, 6, 10, 14--17) are consistent with field data that show that timeaveraged reattachment length increases with discharge. Although instantaneous fluctuations in the location of the reattachment point varied greatly in these runs, the timeaveraged reattachment length was greatest at highest discharge (Figure 16 ). Lengthening at higher discharge was associated with higher Froude numbers of constricted flows and more adverse pressure gradients. In these runs, Froude number was higher at higher discharges (Table 2, 
Implications for Restoration of Eddy Bars in Regulated Rivers
These experiments show that deposition rates within recirculation zones increase as main channel transport increases due to increased sediment concentration at constant discharge. Aggradation rates within the recirculation zone were highly correlated with main current sediment transport rates and indicate, within the range of these experimental conditions, that about 20% of main channel transport was deposited within the recirculation zone. We only conducted our bar-building experiment at one constant flow, and we have no data to suggest whether the percent of sediment trapped in an eddy increases at higher main channel transport rates caused by (1) further increases in sediment concentration at constant discharge or (2) increased water discharge and increased sediment concentration, such as indicated by the calculations of Andrews [1991] . Although we found a direct correlation between cumulative transport through the constriction and degree of filling of the recirculation zone, our experiment only continued until the recirculation zone was filled to about 40% of its original volume. These data suggest that this relation decreases in slope; such a relation should exist because as the recirculation zone fills it can be expected that circulation within the eddy and delivery of sediment into the eddy would both decrease. This idea is consistent with stratigraphic sequences observed in Grand Canyon reattachment bars. In these sequences, grain size decreases as reattachment zones fill and sedimentary structures change from those indicating vigorous circulation (dunes and erosional flutes filled with coarse sand deposited from turbulent suspension) to those indicating weak circulation (ripples and mud drapes). An important unresolved question concerns how the proportion of captured sediment varies as a function of the strength of recirculating flow, which is not only a function of the extent to which the recirculation zone is filled but is also a function of the spatial structure of the decelerating jet. Flume and field measurements of eddy capture rates likely differ by at least one order of magnitude; however, available field measurements are subject to substantial error.
While these data show that the rate of eddy deposition depends on the rate of main channel transport, the extent to which a recirculation zone fills depends on the duration of the sediment-transporting event. In the planning of any regulated flood intended to reconstruct eroded reattachment and separation bars, one must be sure that there is sufficient sediment supply available to maintain high main stem transport rates for durations sufficient to result in net deposition.
Field Recirculation lengths were similar within broad ranges of hydraulic conditions. Where constricted flow was highly supercritical, the length of the recirculation zone was about two step heights, but where Froude numbers were less than about 2, the zone of recirculating current was of similar size over a range of area expansion ratios. To some extent, reattachment lengths were longer, and recirculation flow patterns better developed, at intermediate Froude numbers between 0.8 and 1.6. As aggradation of a midchannel bar proceeded and the bar migrated upstream, reattachment length decreased and the recirculation zone shortened. These processes were linked because flow accelerated over the midchannel bar, which prevented stagnation along the wall in areas previously of adverse water slope. As the midchannel bar retreated upstream, acceleration occurred where deceleration had previously been the case.
Sedimentation can occur in bedrock gorges where flow separation and flow stagnation exist [Baker, 1984] . The areal extent and magnitude of' deposition depend on the areal extent of the stagnated flow, the areal extent of the zone over which reattachment point oscillation occurs, the flow structure of the remainder of the recirculation zone, the rate of main channel sediment transport, and the duration of the transporting event. In regulated rivers where degradation of reattachment and separation bars has occurred, the task in planning bar reconstruction floods is to predict the location of stagnation points, the size of the zone over which these stagnation points oscillate, the nature and stability of the general recirculating flow field, the rate of sediment delivery from main channel to recirculation zone, and the duration during which that delivery from main channel to recirculation zone will occur.
